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Abstract
Development of 1.35Hz Nb superconductingavities for 2 CAVITIES AND PREPARATIONS

TESLA (TeV Energ.y Superconducting L.ineAcce'Iera- 2.1 1.3GHz Niobium Cavities

tor) has been carried out under an international

collaboration. Three Saclay single-cell cavities, one Five cavities chosefor this studyarelisted in Table 1.
Cornell two-cell cavityand one DESY nine-cellcavity = Three Saclay cavities, a Cornell cavity and a DE&Vity
were sent to KEK in order to compare the cavity = were manufactured at Cer€Brance),Cornell University
performance. Theseavitieswere tested aKEK after the and Dornier (Germany)espectively. Heat treatme(T)
following surfacetreatment: 1) highpressurerinsing, at hightemperaturevas carriedout on all cavitiesexcept
HPR, 2) chemical polishing and HPR, 3) electropolishingS-3, in order to improve the thermal conductivity of
and HPR. Both the quench fieldand the cavity quality  niobium [5]. Theresidualresistivity ratio (RRR) of the
factor (Qo) at high fields were remarkably improvked to  cavity was measured by an inductive method with a pair of
electropolishing in the single-cell cavities. lependence coils at Saclay [6] and DESY [7]. (On the Cornell cavity,
of the quench field othe niobium RRRwasobserved in  the RRR was measured with the test sample.)
electropolished cavities.

1 INTRODUCTION

Table 1: Properties of the 1.3 GHz Nb cavities

In superconductingcavities, the cavity performance Cavity Heat Treatment RRR
strongly depends onsurface preparation techniques. To| Saclay 1-cell S-1 1300C HT 320
obtain a smoottandclean surfacethe cavity interior is S-2 1006C HT 200
finished by chemicapolishing (CP) or electropolishing s-3 no HT 230

(EP). The highpressurerinsing (HPR) that follows has
been proveneffective to removedust particles and| Cornell 2-cell 1300C HT (800)
chemical residues. A cleagnvironmentduring assembly [ DESY 9-cell 1400C HT 600
and careful handlingare essential for suppression 6éld

emission. By following thesepreparationsteps, high 10w

accelerating gradient&acc) of 30~40 MV/m have been Q
achieved without field emission in many cavities at KEK. °
In the latest investigation at KEK, it wamtedthat the 10 &;@'@'@'@' ® e0o,, . |
cavities prepared by Eperformedbetter than CP cavities o OA = oy % .
[1]. To confirm this observatiorextensive tests oboth ftataes e @T; ) %@g%
CP and EPcavities hasbeencarriedout at KEK in an 10 L %x %ﬁ% ]
international collaboration with CEA-SaclagFrance), A power
Cornell University (USA)and DESY (Germany). A steep o S-1 at Saclay ‘,;
drop ofthe cavity qualityfactor (Qo) athigh fields has 10° || ® S-2 at Saclay Quench g
been frequently observed in CP cavities at these DS A Saday
laboratories, even in the absencdield emission [2,3,4]. o= DESY 9-cell
Baseline tests of the cavities sent to Kizire carried out  10® : - . . - .

0 5 10 15 20 25 30 35

at these laboratories, and the effecsoiffacetreatment on
cavity behavior was systematically studied at KEK. Eacc [MV/m]
*E-mail: kako@mail.kek.jp Figure 1: Test results at Saclay, Cornell and DESY




Test results at Saclay, Cornalhd DESY areshown in

Figure 1,andeverycavity was finished by CRnd HPR 10

as described inthe next section. The maximum Q0

accelerating gradient (Eacc,max@s limited by aquench o
1

in three Saclay cavitieand byavailable rf power in the
Cornell and DESY cavities. The quench field of 15 MV/m
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in S-3 (no HT) was relatively low in comparisevith o "ﬁo

that in the other cavities after HT. A stegqop ofthe Qo 10' O@

was commonly observed above 18 MV/m in four cavities. { 5

In the Saclay cavities, neitharrays norfield emission r ' S(;Jiﬂay
electronwere observed athese higher fieldsSimilarly, 1 O Saclay
thermometry measurement at 28/h in S-2 could not ® Koke epooum. HPR)
detect any field-emissiosite. Eachcavity was limited by ¢ . L& KEK3 (EPS0um, HPR)
a quench aroundhe equator seam of electronbeam 0 5 10 15 20 25 30 35
welding (EBW). Eacc [MV/m]

2.2 Surface Preparation Procedure Figure 2: Test results in the S-1 cavity
Chemical polishing at Saclay wasrformedwith a 20C

acid mixture of HF : HNQ: H,PO, = 1:1:2 in volume, 102 , : ,

and aremoval ratewas about lum per minute. After Q Ee— a) S-2 Cavity at KEK
HPR at 90 bar for 40 minutes, the cavitiesredried in a 0 [1000°C HT, RRR=200]
dust-free air flow for three hours. A similar surface 101 %?&L&g 0 00o0g i
treatment wasarriedout at Cornelland DESY, but the oo tove ‘“5%-0% *one
temperature ofhe sameacid mixture was kept lower at PN s, Dﬁ % T
less than 1T in order to suppress hydrogen 10'° N
contamination.

For the initial test at KEK, only HPR at &fr for one Quench
hour wasperformed inthe single-cell cavities(for 1.5 10° Sy Y
hours in the two-cell cavitynd for threehours in the ® KEKL (HPR)
nine-cell cavity). A second test was preceded by CP with a ? KeKs §EE§832; EEE;
25~30C acid mixture of HF : HNQ: H,PO, = 1:1:1, 1080 : T T e e e s
yielding a removal rate of 1@m per minute (about ten Eacc [MV/m]
times faster than that at Saclay). Finally, prior to tthied . .
test, EP wascarried out with a horizontal, rotating Figure 3-a): The S-2 cavity tested at KEK
electropolishingdevice [8]. An acid mixture of HSO, :

HF = 10:1 was used, and the removal rate waguénSper 02

minute at 36C. In eachcase, HPR precededthe final ’ Ib‘, SI2 Cavity at Saclay
cavity assembly. The wet cavity wammped ouF and 0 FTER [1000C HT, RRR=200]
baked at 8% for twenty hours. Then, the cavity was ;5 .

installed in the test stan@nd no active pumping was ] Soe

performed during the cavity test. @IOROOC0 006604 ‘E’Jm

Main difference in the surface preparation between KEK ; yo Mo ]
and the other laboratories t®nsidered afollows: aratio
and temperature of an aaidixture for CP, drying method Olench
of a wet cavity, active pumping during a cold test. 17 L no x-ray |

3 EXPERIMENTAL RESULTS é g:}igg?g“;ml‘
1 I | T T T |
3.1 Three Saclay Single-cell Cavities 080 5 0 15 20 25 30 35
Eacc [MV/m]

Test results in the S-1, S&hdS-3 cavities at KEK (1.
HPR, 2. CP+HPR, 3. EP+HPR) are shown in Figures 2,

Figure 3-b): The S-2 cavity tested at Saclay
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Figure 4-a): Test results in the S-3 cavity
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Figure 4-b): Cavity degradation due to CP after EP

102 ! T T T
Qo c) S-3 Cavity [re-EP afte

CPJ;

1o | aisK

Cobpntds s XX XIS LI TV
?W@WWU@HWW@;E” ’: 4049400000 |
10° £ — 3

I
v

[no HT, RRR=230]

Quenc ]
no x-ra;
100 L __

0 KEK6 (CP+70um, HPR) [
@ KEK7 (EP100um, HPR) H
& KEK8 (EP+50um, HPR) [

108

0.“ 5 10
Eacc [MV/m]

Figure 4-c): Performance recover due to re-EP

3-a) and 4-a), respectively. il cases of threeavities, a
guench(without field emission) was the ultimatéeld
limitation, similar to the Saclay results. Both tipgench
field andthe Qohad deteriorated ithe first test at KEK
(after HPR), presumablydue to surface contamination
during transport €.g., exposure to the airHowever, the
cavity performancewas recovered byCP. Then, EP
augmented the quench field to above 30/M. The effect
of 50um EP with cavity S-3 (ndHT) was especially
pronouncedpushing thequench field upfrom 17 MV/m
to 33 MV/m. Moreover, in each tesfter EP, asteep Qo
drop athigh field was not observed,and changed to a
standard slope. Theavity performance in eacbavity has
clearly improved due to EP, and the test results after EP of
50um in three cavities are summarized in Figure 5.

As shown in Figure 4-b), additional EP of jigén was
performed on cavity S-3, improving the quench field to 37
MV/m. A subsequensurfaceremoval by CP of g0m
clearly degradedhe cavityperformance. (A siitar effect
was found in reference[9]). Additional CP lowered the
guench field evermore andthe steeplecline ofthe Qo at
high fields appearecagain. Finally, CP of total 130n
reducedthe quench fieldfrom 37 MV/m to 24 M//m.
Successive tests were carried out to verify gagormance
recoverdue toEP, asseen in Figure 4-c). The steep Qo
drop above 20 M/m waseliminated by 10@m EP, but
an increase ofthe quench field was not enough.
Consequentlyadditional EP of 50um madethe cavity
performance recover perfectly.

The S-2 cavity, whicthad been tested aKEK, was
sent back to Saclay again, and the test results at Saclay are
shown in Figure 3-b). Both thguench fieldand the Qo
had degraded inthe first test at Saclayafter HPR), as
similar to thecase atKEK. Exposure to the aiduring
transport seems to have certainly andesirableeffect
upon the surface condition of a cavity [1Bjowever, one
may notice that adecline of the Qo at highfields is
remaining very weak. A similar cavity performance to the
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Figure 5: Three cavities after EP of60



result by EP at KEK wasebtained after a surface removal
of only 1Qum by CP. Althoughthe steep Qalrop was
observed above 30 WIm again, the highguench field of
34 MV/m have been still maintainezven aftertCP. (This
cavity test was performed after baking at{11].)

3.2 Cornell two-cell Cavity

A very high RRR of 80Qvasobtained by heat treatment
at 1300C. At Cornell, theEacc,max of 28 M/m had
been achieved aftethigh peak-powerprocessing (HPP)
[12]. This cavity consists of two cells with @olarized
cell-shapeand two extremely shorcut-off tubes. In the
first test at KEK (HPR) as shown in Figure 6, both th
guench fieldand the Qo were drastically degraded. The
residual surfaceesistance (Rres) of 80(h resulted from
large rf losses onend-platesmade of stainless steel,
because of ahort length of thecut-off tubes. Thelarge
Rres was reduced to 4@rdue to a change of the t@nd-
plate to niobium one in the second test by CP, and the

102 ;
Q Cornell 2rcellGavity
1 Lo [1300°C |HT, RRR=(800)]
F L 9¢ 0090400004 00000 0 E
g ® i . & 3
‘el o © “goro 000Y
A, [ ] Quench
10° o YO ° no xtray
SmEIESninin iR Eis N iy B be )
AN DAAAAD AR ARD MA% A
A )
10° ! v RF |power
E @ Comell (after HPP) A KEK4 (EP+60um, HPR) H
A KEK1 (HPR) O KEK5 (7600C HT, EP30um, HPR)H
w KEK2 (CP70um, HPR) ¢ KEK6 (EP+30um, HPR) H
08 [1 KEK3 (EP30um, HPR)
1 T T T T T T
0 5 10 15 20 25 30 35
Eacc [MV/m]

Figure 6: Test results in the Cornell two-cell cavity
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Figure 7: Test results in the DESY nine-cell cavity

guench fieldwas improved to 25 NW/m. In the fourth
test, a normal Rres of 7hwasobtained byinserting a
niobium tube in the bottom sidelowever, hydrogen Qo-
disease [13] (as discussed in the later section)obsarved
in this testafter EP of total 9Qum. Therefore, heat
treatment at 76 for five hourscarriedout for hydrogen
degassing, prior to the fifth test. Consequently, a high Qo
of 1x10"* was obtainedput severalquencheventsaround
15 MV/m led a sudden drop othe Qo to5x10°. (A
similar behavior was sometimeobserved in other
cavities: see, Figure 10-aMere, the degraded Qo was
recoveredafter warming the cavity up to 100kand re-

excessive heating by impact electral® tomultipacting
at equator, anthe resultant Qalegradation is due tfux
trapping induced by athermal current under normal
conducting state during quench [14]. Finally, the
Eacc,max of 28MV/m waachievedbut a steep Qadrop
above 23 M/m was observed similar to the result by
CP at Cornell. The steep Qiop without x-raysdid not
change by additional EP of gth (KEK6). This
observation after EP dbtal 15Qum is in contrast to the
results in the Saclay cavities. The higRR after HT
might influence the cavity performance.

3.3 DESY nine-cell Cavity

The DESY cavity is one of the prototypeine-cell
cavities with no port for coupler§his cavity wagested
many times at DESY [4]and the best resulafter heat
treatment atl400C for 6 hours is shown in Figure 7.
The field flatness of theaccelerating modevas 96% at
DESY, but thisvalue reduced to 80% aKEK due to
deformation(like banana-shape) duringansport. In the
first test at KEK (HPR), thdeacc,max was limited by
guench at 18 MV/m. The attained Eacc,max gaslually
improved by successive EP of everyu®® but it was
still limited at 23 MV/m even after EP ofotal 9Qum.
The cause ofthis limitation wasdue to nultipacting at
equator. This phenomenon together withelectron
emissionandx-ray radiationhasbeen frequentlybserved
at thefield range between 15 WIm and 24 MW/m in
single-cell cavities.After rf processing with repeated
guenches,the final achievable accelerating gradient is
increased while the multipacting barrier is usually

processed out. The time passing through this field range is

normally within five to thirty minutes insingle-cell
cavities. It isconsideredhat the processing timgepends
on the number of cells in the cavity. Although o
processing to overcontbe multipactingbarrierhad been
continued formore than six hours, it wadifficult to
process out in this cas&herefore, cureand understanding
of multipacting limiting the attainable Eacc,max are
needed inorder toachievehigherfields in electropolished
nine-cell cavities.

gcooling down.) The cause of the quench is considered to be



almost always occurred at an equator EBW searramd

4 DISCUSSIONS the vicinity. Moreover, the quench locatiamoved to the
o otherequatorregion in eachtest after additionalCP, but
4.1 Effect of Electropolishing the quench fielddid not improve so much [3]. This

observation shows thaurface defectgausing quenches
are localized only around thegjuatorregion, andtheir size
andresistivity arevery similar. It is supposedhat such
kind of surface defects amot welding imperfections but
arises by a chemical reaction duri@P. A grain size
neighbor the EBW seam has growiarger by
recrystalizationrdue to heat flux from anelectron beam.
Surfaceirregularity atthis region isassumed to be much
enhancedhan that at the other normakea. Niobium
samples with a EBW seam wesmoved by CPand EP,
and measurement of aurface roughnessand surface
inspection with an opticaiicroscopewere carriedout.
The surfaceroughness at the thermallgfluenced region
is shown in Figure 9. The graboundaries were severely
etched by CP of 2Q0n, andthe deepgap and the sharp
edge were observed in a). On the contrary, EP phb@s
Very effective tomake the grairboundariessmooth, as
seen in b). Thiseffectmay contribute to thélifference in
the quenchlocation andthe quench fieldoetween CP and

The quench fieldandthe residual surfaceesistanceRres)
after each treatment in three Saclay cavities are
summarized in Figures 8-a) and b). There was no
difference inthe results by Chetween at Saclagnd at
KEK. Not only improvement of thguench fieldbut also
elimination of the steep Qdrop at high fields were
clearly observed afteEP. On theother hand,the Rres
remained unchanged bigP. The relatively highsurface
resistance of the S-3 cavity may thee tothe smallgrain
size (this cavity was never heat-treated).

A quench and a Qdrop areobviously anindependent
phenomenon in a cavity, sincegaenchoccurs inonly
one local spoeand a Qadrop is due to enhanced surface
losses in a whole cavity. The locati@ecurring quench
was identified by severatens of fixed thermometers at
KEK and by a rotating thermometry system at Saclay [6]
At KEK, quenches in EP cavities were usuallyserved at
area with a high surface current (not just aleagator), if
there was novisible welding imperfection[15]. On the
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4.2 Hydrogen Qo-disease

The cavitieswere parked atlOOK for two hours to
investigate possiblénydrogen problem of theniobium
(Qo-disease[13]). It is well-known that heatreatment
above 700C for hydrogen degassing is effective éwoid
the Qo-diseaseFast cool-down passing throughquickly
the dangerous temperaturegion around100K is another
solution. However, the fast cooling is not always a
possiblecurefor cavities installed in horizontal cryostats
with alarge thermal capacity. The parkitigne for two
hours was determined by an estimation from coadipeed
in an actual horizontal cryostat. ThbtainedRres results
in five cavities are listed in Table 2. Tlfect of parking
at 100K in the Saclay, Cornedind DESY cavities is
shown in Figures 10-a), land c), respectively. No Qo-
diseasewas observed inthree Saclay cavitiesvith the
RRR of 320, 200 and 230. On the othand, heavy Qo-
diseasehad occurred irthe Cornell cavity with the high
RRR of 800. Even fast coolingcould not avoid Qo-
disease (KEK3). Moreover, EP of only 0m after
hydrogen degassing at 760 led Qo-disease, again
(KEK5). A similar effect was observedalso in the DESY
cavity with the high RRR of 600. Therefore, high
temperature HT for improving the thermal conductivity of
niobium is moredangerous in electropolishezhvities.
Here, it is noteworthy that nQo-diseasevas observed in
the S-3 cavity without any HT (See, Figure 10-aven
after largeamount of chemistry by totally CP of 330
and EP of 270m. These resultshow an omission of
760°C HT after EP[16]. In electropolisheccavities with
an intermediateRRR around 200, neither hydrogen
degassingnor purification of niobium seems to be
indispensable for achieving high Eacc,max above 30
MV/m.

Table 2: The Rres following a 100K park for two hours

Cavity Surface Treatment Initial* 100K,2h ARres

S-1 1300CHT,CP14@im 5.5 105 +5.00
S-2 1000CHT,CP13@um 7.7 8.0 +0.3 Q@

S-3 no HT,CP20gm 6.1 59 -020
+EP12Qm 5.6 53 -03Q
+CP13M/EP15m 4.9 5.0 +0.1Q@

Cornell 130CCHT,CP27@m
+EPOQUm 7.4 2260. +2250@
760CHT,+EP6um 3.6 162. +158 @

DESY 1400CHT,CP17Qm
+EPO9QM 5.5 94. +88 @

Initial*; fast cool-down within 1 hour from 300K to 4.2K
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Figure 10-a): Effect of a 100K park in the S-3 cavity
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(Six cavities tested at Saclay [3,17] are added in the data of Cl

at Saclay. A Saclayavity with RRR=40 wasnade from
reactor grade niobium. Test results on &EK cavity with
RRR=130 are shown in detail in reference [18].)
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Figure 11-c): RRR dependence of the residual resistance

4.3 RRR Dependence

High RRR niobium with its large thermal conductivity is
needed tothermally stabilizesurface defectshat might
otherwise cause quench at digh gradient. A theoretical
prediction of a quench field in a small defect (radius, r, and
resistance, R) gives a followingguation: Eacc,quench =
Const - [RRR / r-RF, [19]. Theexperimental correlation
between a quench field and an averB@RR of acavity is
plotted in Figure 11-a). The results with the C&vities
at both Saclayand KEK are consistent with above
mention, wherethe quench fieldproportionally increases
with the RRR. After EP, however, nodependence of
guench field on RRBetween130 and800 wasobserved.
In electropolished cavities, there seems to bad@ntage

gvith a higherRRR from a point of view inachieving a

high gradientand avoiding Qo-diseasdas described in the
previous section). This result denstrateshat the origin
of quench may differ in CP and EP cauvities.

The observed surfaceesistance(Rs) is expressed by
the sum of atemperaturedependenterm (R,.o) and a
temperaturéndependenterm (Rres): Rs(T) = R(T) +
Rres. The R.gis derived from the BCS theory, which is
roughly proportional to y? /T) - exp [-A/T]. The Rres
depends on surface contaminants such as cheragidlies
and dust, damageom machining or weldingand trapped
magnetic flux. The B.g at 4.2KandRres as a function
of RRR is shown in Figurell-b) and c). For clean
superconductors with a large electron méea path (), a
following relation is given: B-ga | , [20]. Therefore, it
is expectedthat R,.g increaseswith RRR by a
relationship ofRRR a o, a | , (o, is a normal state
conductivity). Thistendency isseen in Figure 11-b),
althoughthere issome scatter inthe data. The R;.¢ at
KEK are relatively lower in comparisonith the Ry at
Saclay. The reason for thdifference isnot clear,but the
different procedures in surfaggeparation ortest system
betweenboth laboratoriesmight be considered. As for
Rres, it was shown in the past experiments thasaual
magnetic field (Bres) inside a cryostat [9] ordirect
generation ofphonon by rfelectric field[21] hadgiven a
dependence of Rres dRRR. Inmany experimental facts,
high temperature HThas shown aeffect to reduceRres.
A calculation of Rres for a giverRRR deduced a
relationship of Rresx 1/RRR, [22]. This tendency is
roughly observed in Figure 11-c). There isdifference in
the Rres between Céhd EPcavities. Here, influence of
the Bres tothe Rres isestimated to bdess than 2 @
with the Bres of about 5 mGauss in both laboratories. The
remaining part isssumed to bdependent on aimherent
surface nature in each cavity.



5 SUMMARY

In three Saclaygavities, EP of 5Qum eliminated the
steep Qo drop at high fields in CP cavit@sl pushed
up the quench field to more than 30 MV/m.
Chemical polishingafter EP graduallyreduced the
quench fieldand causethe Qodrop athigh fields to
appearagain. After this, the cavityperformance has
recovered perfectly by additional EP.

One cavity, whichhad been sent back to Saclay,
reproduced the cavity performance with EP at KEK.

. A steep Qo drop at higfields was still observedafter

EP in the Cornell cavity. The limitation in tHgESY
cavity was due to multipacting barrier around 20
MV/m.

No Qo-diseasavas observed afteparking theSaclay
cavity at 100K for twohours, especiallyeven in the
no HT cavityafter EP. On theother hand, heavy Qo-
disease was observed in the Cornell and DES&WMties
with a high RRR by HT.

No dependence dhe quench field onRRR was seen
between RRR =130 and 800 in EP cavities.

. The Ryg at 4.2K was proportional t&RRR with

(7]

(8]

(10]

[11]

[12]
[13]

[14]

some scatter, and the Rres was roughly proportional td5]

1/RRR. Therewas nodifference inthe Rresbetween
CP and EP cavities.
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